Introduction
High temperature thermal property data for structural materials used in Light Water Reactors (LWRs) are limited. A literature review revealed that high temperature properties are extrapolated with little data above 700 R C for these materials. To address this need, three methods of obtaining thermal material properties available at Idaho National Laboratory's (INL's) High Temperature Test Laboratory (HTTL) were applied to measure thermal expansion, thermal diffusivity, and specific heat capacity. Results of these tests were then used to calculate thermal conductivity and density. Results are compared with data in the literature and with data for other structural and penetration materials typically found in LWR vessels, Inconel 600, Stainless Steel 304 (SS304) and SA533-B1 low alloy carbon steel.
Background
Because of the impact that melt relocation and vessel failure have on subsequent progression and associated consequences of a LWR accident, it is important to accurately predict the heat-up and relocation of materials within the reactor vessel and heat transfer to and from the reactor vessel. Accurate predictions of such heat transfer phenomena require high temperature thermal properties. However, a review of vessel and structural steel material properties in severe accident analysis codes reveals that the required high temperature material properties are extrapolated with little, if any, data above 700 C.
Thermal conductivity data for SS304 and SA533-B1 were previously collected at the HTTL using the transient pulsed method 1,2 . These data were used in conjunction with a ratio technique to calculate the specific heat of samples. The current work utilizes a DSC to more accurately measure the specific heat. Further, the current study is expanded to include Incone 600. Data previously obtained using the pulsed method are provided for comparison to data found in commonly used references as well as data collected in the current research effort. Some data used in this analysis (thermal elongation of SS304 and SA533-B1) were collected and reported previously 3, 4 .
Approach
Material property data were collected for each material using equipment available at the HTTL. This equipment includes a Netzsch 402 ES pushrod dilatometer 4 , a Netzsch 404 DSC differential scanning calorimeter 5 , and an Anter FL 5000 Laser Flash thermal property analyzer 6 .
Thermal expansion (changes in length caused by changes in temperature) of the test materials was measured using the dilatometer. This is accomplished by heating the sample in an accurately controlled furnace, and measuring the deflection caused by thermal expansion using a linear variable differential transformer (LVDT). Before an experimental sample may be tested, a standard must be tested (accuracy is improved when sample and reference room temperature lengths are similar). This allows for compensation of the thermal characteristics of the system (expansion of system components such as the pushrod and sample carrier) by a software 7 program provided by the manufacturer. After correcting (done automatically by software) for the expansion of system components, the raw data are quantified as thermal expansion as a function of temperature. The thermal expansion coefficient may also be automatically derived using the software. Assuming that the material is isotropic, the density, U, of the material as a function of temperature may be calculated using the equation:
(1) where U o represents the room temperature density, 'l represents the change in length, and l o represents the total sample length at room temperature.
The differential scanning calorimeter (DSC) allows for the measurement of specific heat capacity. The DSC utilizes a comparative analysis to determine the specific heat of an experimental sample as a ratio of the specific heat of a reference sample. Figure 3 -1 shows a schematic diagram of the DSC. Reference (always left empty) and sample crucibles are placed on a sample carrier within a furnace of cylindric geometry which generates heat radially toward the center. Temperature is detected by thermocouples in contact with each crucible. One thermoelement is shared between the crucibles allowing the temperature difference to be measured as a voltage (converted to a specific heat value using the reference material data). Because the analysis is comparative, three tests must be run for each specimen. The first test is run without a sample installed in the sample crucible. This test allows for compensation of the thermal behavior of system components. The second test is performed with a reference sample of well defined specific heat capacity installed in the sample crucible (accuracy is improved when the experimental and reference sample masses are very close). The final test is performed with the experimental sample installed in the sample crucible. The software 7 provided with the DSC automatically compensates for the system characteristics and calculates the specific heat of the experimental sample as a ratio of the specific heat of the reference sample.
Thermal diffusivity data were collected using the LaserFlash Thermal Property Analyzer. The laser flash measurement method, shown in Figure 3 -2(a), exposes one face of a thin (manufacturer recommendation is 2 mm for metallic samples), uniform sample to an instantaneous energy pulse (typically from a laser). The thermal diffusivity can be calculated from the maximum temperature the opposite face reaches and the time required to reach half the value of this temperature or the 'half max time,' shown in Figure 3 -2(b).
The flash method invokes certain ideal assumptions that are unattainable in practical application. For example, the energy pulse duration may be very short, but is not instantaneous; some laser energy may be reflected (samples were sprayed with a graphite layer to reduce reflectivity); sample thickness and surface condition are not truly uniform; and heat losses are not negligible. Note, curve A represents an ideal case, with no energy losses, while curves B and C represent 'real world' cases where energy losses are present and corrected for via software. Therefore, a flash measurement system typically applies correction algorithms to improve the quality of results.
The ideal test case (instantaneous energy pulse, no heat losses, uniform material) was solved by Parker 8 . Due to the non-ideal nature of real world testing, several correction algorithms are included in the Anter FL 5000 software package. Each algorithm is applied automatically during testing and may be displayed during analysis by opening the various results files that are produced. The default correction uses Clark and Taylor's 9 algorithm.
Previous testing with the LaserFlash system 1,2 indicates that adjustment of system parameters (i.e. laser voltage, sampling rate) has negligible effect on results. Therefore, all testing was performed using the default system settings.
Thermal conductivity is then found using the relation: (2) where k represents thermal conductivity, U represents the density, c p represents the specific heat capacity, and D represents the thermal diffusivity. Note that all quantities are temperature dependant. Figure 3 -3 shows the Netzsch DIL 402 ES dilatometer and 404 DSC differential scanning calorimeter measurement systems installed at INL's HTTL. The system consists of the dilatometer (which contains an LVDT, sample holder, and furnace), the DSC (which contains a sample holder with a differential thermocouple, and a furnace), the Thermal Analysis System Controller (TASC) which links the systems to a CPU, a furnace power source, a coolant circulator (not visible), a vacuum pump, and the CPU. The system consists of two test furnaces (referred to as tungsten and alumina furnaces), a CPU, a vacuum pump, and a laser power source (behind the alumina furnace in the figure) with a fiber optic delivery system and an integrated cooling system. 
Test Setup
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Existing Data
The following subsections provide an overview of widely used material property data currently available in reference sources. The data shown are used for comparison to data acquired at the HTTL.
SA533-B1 Low Alloy Steel
Figures 4-1 through 4-4 show material property data found in the MATPRO library 10 .
MATPRO is the material property data package used in the SCDAP/RELAP5-3D © and MELCOR state-of-the-art severe accident analysis codes. MATPRO SA533 data are based on information from Spanner, et al. 11 Also shown in these figures are density data from Neimark 12 , specific heat from Netzsch 7 (an iron sample) and references [13] - [18] (cited as various in figures), and thermal conductivity data 19, 20 . Note, MATPRO data for temperatures above 730 R C and all data plotted with dashed lines are extrapolated. 
Inconel 600
Figures 4-9 through 4-11 show Inconel 600 material property data published by Touloukian 24 as well as manufacturers Special Metals, Incorporated (density described as a physical constant) 25 and Huntington Alloy. 26 Also shown are specific heat capacity data from Netzsch 7 , and density data from Air Force studies 27 . Extrapolated data are plotted with a dashed line. 
Results
In the following subsections, results of testing carried out by INL are compared to data found in reference sources. All tests were carried out with multiple test samples (average values are reported). Tests were carried out using recommendations from equipment manufacturers regarding dimensioning of samples, surface treatments, etc.
Reported data include thermal conductivity calculation results and all property data required to make the calculations per the method outlined in Section 3 (thermal expansion, density, specific heat, and thermal diffusivity). Figure 5-3 shows average specific heat capacity data for SA 533-B1 low alloy carbon steel collected at the HTTL (measured using a differential scanning calorimeter). Also shown are data from MATPRO and References 13 through 18. Also shown, for comparison, are data from a Netzsch iron standard. The large spike apparent in the INL data corresponds to the solid state phase change (also observed in the thermal expansion data). The curve represents energy absorbed by the sample as it is heated (specific heat capacity is the amount of energy required to cause a temperature change); during the phase change much of this energy is used in the restructuring of the material. This spike is, therefore, not a good indicator of the true specific heat of the sample in the temperature range of the phase change. To account for this, Netzsch (the DSC manufacturer) recommends interpolating between the onset and end temperatures of the phase change, using either a linear or tangential interpolation, to calculate the specific heat. This is accomplished using software provided with the DSC. The temperature limits are not easy to define from the DSC data, however. The onset of a phase change during a heating cycle is useful, but the end temperature may be difficult to estimate. To get a good estimate of the temperature range for the phase change, values were determined using thermal expansion data from the dilatometer measurements. Using a linear interpolation, the specific heat during phase change was estimated, as was the latent heat of phase change (the area under the spike). The specific heat data Thermal conductivity data for SA 533 is shown in Figure 5 -6. INL data were calculated using Equation (2) . Also shown are data from MATPRO and References [19] and [20] . It should be noted that INL values for thermal conductivity in the temperature range associated with phase change should be considered approximate. There is a clear change in behavior between the ferritic and austenitic phases, as the slope of the thermal conductivity curves changes. The maximum difference between INL and MATPRO data occurs just below the onset of phase change (MATPRO data is extrapolated above this temperature). This difference is 11.9% (4.4 W/m*K). Because the INL data is piece-wise defined, a fifth order polynomial fit is recommended. Coefficients for the equation are listed in the figure.
SA533-B1 Low Alloy Steel

304 Stainless Steel
Figure 5-7 shows linear thermal expansion data for 304 stainless steel collected at the HTTL (measured using a pushrod dilatometer). Also shown are data from MATPRO and 
Inconel 600
Summary
Thermal property data for SA533-B1 low carbon steel, 304 stainless steel, and Inconel 600 were collected at Idaho National Laboratory's High Temperature Test Laboratory. Data for thermal expansion, specific heat capacity, and thermal diffusivity up to 1200°C were collected. These data were used to calculate density and thermal conductivity, which were then compared to reference data. SA533 exhibited a solid state phase change between temperatures of approximately 740°C and 840°C. Although this behavior had significant effect on INL data, few examples of literature data indicate the presence of this behavior. It is also interesting to note that although much of the data collected for 304 stainless steel and Inconel 600 differed from literature sources, the resulting thermal conductivity values were very close to accepted values.
